4 Corresponding author: Valentine Muhawenimana (MuhawenimanaV@cardiff.ac.uk) 5 Key Points: 6 • The interaction of fish with spanwise vortices was examined by considering habitat use 7 and swimming stability. 8 • Fish avoided areas of highest turbulent heterogeneity, while loss of stability peaked when 9 turbulence length scale was 45-50% of fish length. 10 • Highest magnitudes of downward-acting Reynolds stresses and negative vorticity 11 corresponded to the highest rate of spill occurrence. 12 Abstract 13 Flows generated near hydro-engineering structures are characterised by energetic three-14 dimensional flow structures that are markedly different from naturally occurring fish habitats. The 15 current study evaluated the interaction of Nile tilapia (Oreochromis niloticus) with spanwise 16 rollers in the turbulent wake of a cylinder in both the wake bubble and the vortex shedding further 17 downstream. The flow field hydrodynamics were measured using an Acoustic Doppler 18 Velocimeter for Reynolds number (ReD) regimes ranging from 3,730 to 33,590, over a streamwise 19 length of six diameters downstream of the cylinder, and revealed a pair of alternating vortices 20 rotating about a spanwise axis, which were rendered asymmetric by the bed boundary proximity. 21 Fish avoided areas where vorticity, turbulence intensity, turbulent kinetic energy, eddy size and 22 Reynolds shear stress were highest. Events of stability loss, referred to as spills, were significantly 23 correlated to the turbulence integral length scale relative to fish standard length, with the peak 24 number of spills occurring when the eddy length approached 45 to 50% of the fish length. Spill 25 events significantly depended on ReD, Reynolds stress and vorticity, and varied according to fish 26 length and weight. Amongst zones of similar Reynolds stress and vorticity magnitude, spills were 27 most frequent when Reynolds shear stress was positive, downward-acting and eddies rotated 28 clockwise, which highlights the importance of direction and orientation of flow structures in 29 determining the hydrodynamic forces that affect fish swimming stability. Recommendations are 30 made for the inclusion of these metrics in the design and refinement of hydro-engineering schemes.
direction. A measure of the rate of spill occurrence used in this study was the ratio of the number 144 of spills over the amount of time spent in each flow volume, referred to as spill frequency (min -1 ). 145 2.3 ADV velocity data acquisition 146 The hydrodynamic characteristics of the cylinder wake were measured using an Acoustic 147 Doppler Velocimeter (ADV), a downward-looking Nortek Vectrino Plus (V.1.31+) at a sampling 148 rate of 200 Hz. The flow was seeded with neutrally buoyant sphericel hallow glass silicate powder 149 with 10 µm mean diameter and 1.1 ±0.05 g/cm 3 density (Potters Industries Inc.). The Sound to 150 Noise Ratio (SNR) and Correlation (COR) were maintained above 20 dB and 70% respectively by 151 adding the seeding material to the water to ensure good quality data. Recorded velocities were in 152 three dimensions of xyz coordinates, x longitudinal, y transverse and z vertical flow directions. 153 The spatial resolution of the velocity sampling grid was such that along the flume centreline 15 154 points were measured equispaced by 2 cm in the x direction and 15 points, 0.5 cm apart in the z 155 direction. A constant sampling time of 300 s was used for all data points. The geometry of the 156 ADV probe did not permit velocity measurements within 2.5 cm distance from the edge of the 157 cylinder, and in a distance greater than 8 cm from the flume bed, which meant that parts of the 158 Mid water column and Top layer of the water column (see Fig. 1 ) were not included in the velocity 159 measurements. The accuracy of an ADV probe has been compared to other velocity probes (e.g. 160 Pitot tube) and found to be within 2%, based on integrating the velocity measurements over the 161 water column (Leng and Chanson 2017). 162 2.4 ADV data filtering and post processing 163 The Velocity Signal Analyser (MAJVSA version V1.5.62) was used to filter and despike 164 the ADV data using limits of 15 dB and 70% for SNR and COR respectively (Nortek, 2009) . 165 Further despiking used the Phase-Space Thresholding method by Goring and Nikora, (2002) 166 (revised by Wahl, 2003) as well as a 12-point average spike replacement (Jesson et al. 2013 ). On 167 average, the percentage of good samples after filtering and despiking was 80%. Turbulence integral length scale Lu is given by: 176 Where T is the time at which the autocorrelation function becomes firstly negative, i.e., ( ) =0, 177 and u ̅ is the mean streamwise velocity at the evaluated point. The 2-D vorticity field definition 178 = ̅ ∫ ( ) 0 Eq. 2 Confidential manuscript submitted to Water Resources Research based on the time-averaged velocity gradient about a given axis is used in this study (see Graf and 179 Yulistiyanto, 1998; Crowder and Diplas, 2002; Jamieson et al., 2013) . It assumes that for a time-180 averaged flow field, the mean velocity for a given point in space does not vary with time and 181 therefore, the associated time-averaged vorticity field must also be constant. Kármán vortex shedding with vortices with spanwise axes of rotation (Williamson, 1996) . As the 217 flow accelerated over and under the cylinder, clockwise and counter-clockwise rotating vortices 218 formed off the upper and lower cylinder walls respectively. 219 Due to the presence of the cylinder and flow shallowness, surface standing waves were generated 220 immediately downstream of the cylinder and were contained within a region of londitudinal 221 distance 6D, throughout the test section ( Fig. 1 ), while the upstream flow depth remained constant 222 and was only slightly elevated at higher Reynolds numbers (see Fig. 2 ). The presence of surface 223 waves resulted in a non-hydrostatic pressure field in the test section. 224 The normalised time-averaged hydrodynamics developed in the cylinder wake were similar for all increasing downstream distance from the cylinder such that the near wake (x/D < 2) showed higher 236 magnitudes of longitudinal ( Fig. 3c ), lateral and vertical turbulence intensities than the centre and 237 far wakes (see Fig. 1 for notation).
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At each discharge, spectral energy analysis showed that the frequency of the energy peaks related with increasing downstream distance from the cylinder, and increased with proximity to the bed 298 ( Fig. 5a ). Overall, the highest percentage of spills occurred in the far wake, followed by the near 299 wake and the centre wake. The flow zones with the most spills were NM (24%) and FB (22%). In 300 the NM zone, in particular, fish spilled the most but spent the least amount of time here, so they spilled almost immediately after swimming into this area, and therefore tended to avoid this area. 302 The FB zone was the preferred station holding zone for the fish as they spent over half their time 303 there, resulting in a proportionately high number of spills but the lowest frequency of spills ( Fig.   304 8). 305 The frequency of spills significantly varied with ReD ( Fig. 8) contained positive vorticity (counter-clockwise rollers) ( Fig. 9 ). This considerably affected the 314 frequency of spills, which was highest in the NM and NB zones where vorticity standard deviation 315 was greater than 2.78 (more than 60% of the cross-sectionally averaged vorticity) ( Fig. 10 ). This 316 result suggests that the near wake had less predictable flows due to the higher flow unsteadiness, 317 leading to the lower preference of the fish to station hold in these zones and to the higher 318 frequencies of spills observed. 319 The near wake, where highest fluctuations of vorticity above the mean were present (Fig. 9 ), was 320 characterised by the highest spill frequencies (Fig. 10 ), suggesting that these flows were 321 significantly unpredictable for the fish compared to the other zones. These near wake zones also 322 had the highest instances of τuv, and τuw from the shear layer breakdown from the cylinder. The was similarly frequented (Fig. 5a ) and had similar magnitude of Reynolds shear stresses and 332 vorticity, but these were negative i.e. opposite to those in the upper shear layer of NM due to the 333 different vertical momentum exchange direction (Fig. 3) . As a result, the NB zone showed 334 significantly lower numbers of spills as well as a lower frequency of spills than the NM zone, 335 which suggests that it is important whether positive or negative turbulent shear stresses and 336 clockwise or counter-clockwise eddy vortices are acting on the fish, influencing the swimming 337 stability of fish. A summary figure which illustrates the interactions of the fish and the spanwise 338 vortex dynamics as well as the distribution of forces acting on the fish is given in Figure 11 . results clearly show that it is important to consider Reynolds shear stresses in fish-turbulence interaction studies (Fig. 11) . The balance of hydrodynamic forces and the resultant torques and 391 moments acting on the fish challenge its ability to maintain posture and swim unimpeded (Drucker 392 and Lauder 1999; Pavlov et al. 2000; Odeh et al. 2002; Webb 2002; Lupandin 2005; Cotel et al. 393 2006; Liao 2007; Tritico and Cotel 2010; Webb and Cotel, 2010; Silva et al. 2012; Wang and 394 Chanson 2018). However, considering the orientation plane of vortices and magnitude of 395 hydrodynamic forces requires the inclusion of their direction, which this study has demonstrated 396 to be essential. 397 The balance of hydrodynamic forces surrounding a swimming fish are intricate; the fish uses 398 coordinated propulsive manoeuvres to overcome spanwise hydrodynamic forces (FD), uplift forces 399 (FL) from the fluid dynamics and to compensate against its weight (W) as well as vertical or 400 horizontal Reynolds shear stresses dependent on an obstable's orientation (Fig. 11) . The 401 unbalanced resultant forces create overturning moments that affect the fish's locomotion (Drucker 402 and Lauder 1999, 2000; Nauen and Lauder 2002; Webb 2002) . Therefore, distribution, intensity, 403 and direction of hydrodynamic forces exerted on the fish will aid propulsion, or hinder swimming 404 kinematics; whether the force is towards or counter to the fish, works for or against the fish's 405 propulsive manoeuvres. The interdependence of vorticity and Reynolds shear stresses cannot be 406 neglected, and as our results suggest, downward Reynolds shear stresses, and rollers with 407 clockwise rotation destabilise the fish more often than those of similar extent but opposite sign, 408 i.e. upward direction (Fig. 9 ).
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Fish swimming kinematic studies might benefit from more emphasis on Reynolds stresses to better 
